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The project was conducted to aid in  the development of an 
elastohydrodynamic specification for military lubricants. 
conducted with a rolling disk  apparatus .lesi@ to sinulate a bearing or 
gear type contact. EEeawtremeats included lubricant film thickness, lubricant 
breakdm and traction for a racge of loads, speeds, tempsecures, and surface 
rougbnesses. Several lubricants were used ln the investigations including s 
traction fluid, two synthetic paraffinic lubricants and several lubricants 
conforalag to XU-L-7808 aud 23699 specffications. 
atperbeuts were 
Becorememiations regarding 
an mD specificatLon are included. 
The objec t ive  of t he  p ro jec t  has  been t o  conduct a series of experiments 
t o  a i d  i n  def ining a lubiicant-performance input  t o  a m i l i t a r y  spec i f ica t ion .  
The f i r s t  t a sk  of t h e  p ro jec t  was d i r ec t ed  toward def in ing  lubricant-performance 
c r i t e r i a  while t h e  l a t e r  tasks were d i rec ted  toward d e f i n i t i v e  performance 
expe r lwn t s .  
Pef i a i n g  Lubricant Performance Factors  
Three lubricant-performance f a c t o r s  as appl ied t o  bear ings o r  gean 
were w a  lua ted . 
(1) Elastohydrodynamic (EHD) f i l m  thickness 
(2 )  Extent of metallic contact  through the l u b r i c a n t  
f i l n  
( 3 )  The t r a c t i o n  ( f r i c t i o n a l )  c h a r a c t e r i s t i c  of 
t he  lub r i can t .  
These th ree  f a c t o r s  were experimentally evaluated as a func t ion  of t he  opera t ing  
condition, i.e., load, speed (with up to  50 percent s l i p ) ,  temperature, and 
su r f  ace roughness. 
A compilation of f i l m  thickness da t a  was developed using t h e  X-ray 
technique f o r  t h ree  lubricants :  a s y n t h e t i c  mineral  o i l  without a d d i t i v e  
(XRM 1091, a mineral  o i l  with e.dditive (XRH 177), and a t r a c t i a  f l u i d .  The 
f i l m  thicknesses have been found to be a predic tab le  funct ion of v i s c o s i t y ,  
ve loc i ty ,  load, and s u r f a c e  roughness (see Equation (2) of the  t e x t ) .  
The percent film measurements i n d i c a t e  t h a t  t y p i c a l  bearings or 
gears  will tend t o  opera te  e i t h e r  i n  a f u l l  f i lm  node o r  a high meta l l ic  contac t  mod 
of l ub r i ca t ion .  The dividing l i n e  b e b e e n  these two modes of l u b r i c a t i o n  occurs 
over a small range of f i i m  thickness.  F u l l  f i l m  l u b r i c a t i o n  occurs only when 
the su r faces  are very smooth, and t he  v i s c o s i t y  of the lub r i can t  is very high. 
I f ,  on the other  hand, t he  v i s c o s i t y  is low or t?.e su r faces  a t e  rough, a high 
percentage of me ta l l i c  contaci  w i l l  occur. I f ,  f o r  example, the  r a t i o  of f i lm  
thickness t o  s u r f a c e  roughness Is less than 3-4, s i g n i f i c a n t  evidence of meta l l ic  
contact  w i l l  occur. Equation (3) i n  t h e  t e x t  would p red ic t  a 50 percent f i l m  f o r  
t h i s  condition. 
Traction is a strong function of surface roughness as vel1 as 
lubricatioa type and load. 
the lubricant behavior in the contact regim. 
Traction measurements are a g3od Indicator of 
To study the performance of currently qualified military lubricants, 
ten lubricants (six ?fIL-L-7808 and four MIL-L-23699 fluids) ware evaluated using 
the three techniques discussed. Although none of the fluids evsluated had s f r m  
poor performance in service, tnere was scatter in the data indicating performance 
variations. 
lubricants based on their MD lubricating characteristics. 
A sample specification has been vricten for the characterlzatfon of 
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Requirements for  advanced a i r -brea th ing  propulsion systems are 
continuously increasing i n  sever i ty .  
t inuous advancements in  the areas  of bearing mater ia l s ,  l ub r i can t s ,  and 
iuh r i ca t ion  systems. One complication i n  the  s e l e c t i o n  of appropriate  
l ub r i can t s  is a general  lack of l ub r i can t  performance da ta  under real-  
engine operat ing condi t ions.  
These condi t ions are requi r ing  con- 
I n  recent  years ,  s i g n i f i c a n t  progress has been made i n  the area 
of applied elastohydrodynamics (EHD) t o  the  extend tha t  EHD theory i s  now 
being used i n  many types of appl ica t ions .  
evaluat ion of f a t i g u e  l i f e  f o r  a i r c r a f t  j e t  engine ' Aarings. 
design, considerable ef,-rt is  made t o  in su re  t h a t  the  MD f i lm thickness  
i s  s u f f i c i e n t l y  th i cke r  than the roughness of the bearing sur faces  t o  
optimize performance. EHD theory i s  a l s o  being used rou t ine ly  i n  evaluat ing 
spacecraf t  and gyroscope bearings and is becoming an i n t e g r a l  p a r t  of  bearing 
cage dynamics analyses .  Very recent ly ,  t h e o r e t i c a l  expressions for EPD f i l m  
th ickness  have been incorporated i n t o  t ea r ing  design ca ta logs  and a r e  considered 
i n  evaluat ing o ther  devices such a s  gea r s ,  t r a c t i o n  d r ives ,  and cam fol lowers .  
I t  i s  important,  .&en, t h a t  a data-bank of EHD c h a r a c t e r i s t i c s  of l ub r i can t s  
be es tab l i shed  t o  guide fu tu re  bearing designs and lub r i can t  s e l ec t ion .  
One p r ime  example is i n  t h e  
In engine 
The p i p o s e  of the research pro jec t  a t  Battelle's Columbus Labor- 
a t o r i e s  (K-L? has been t o  generate three  types of W parameters: 
(1) Film formation 
(L.) 5ilm breakdown 
(3) Trac t ion-s l ip  c h a r a c t e r i s r i c s .  
Tie end o b j e c t i v e  of  t h e  pro jec t  is to  y ie ld  input t o  a id  i n  developing a 
spec i f i ca t ion  f o r  l ub r i can t s  fo r  engine bearing and gear appl ica t ions  which 
incorporates  EXD cons idera t ions .  
2 
This repor t  represents  a s*lrrmary of the  X L  a c t i v i t i e s ,  conducted 
Essen t i a l ly ,  t h i s  research over a 3-year period toward t h i s  end objec t ive .  
was conducted in t h ree  major phases: 
Generation of f i lm thickness  and percentage of f i lm 
da ta  f o r  t h ree  se l ec t ed  lub r i can t s  (XRM 109, XRH 177, 
and Santo t rac  SO) f o r  a wide range of load,  speed, slip 
teniperature, and sur face  roughness condi t ions.  
Generation of t r a c t i o n  da ta  f o r  XR2i 109, XRM 177, and 
Santo t rac  SO f lu ids .  
Experimental evaluat ion of severa l  cu r ren t  engine 
lub r i can t s  which conform t o  the  NIL-L-7808 o r  HIL-L- 
23699 spec i f i ca t ion  using the techniques developed i n  
(1) and (2) .  
All of the  experiments of the  p ro jec t  were conducted on a twin 
d isk  apparatus. 
photograph i s  given i n  F igure  2 .  
d i sks ,  each of which a r e  dr iven by va r i ab le  frequency induct ion motors. 
s h a f t  of the  d r ive  motors a r e  i n t e g r a l  with the  d i sk  d r i v e  s h a f t s  and a r e  
mounted i n  dnplex ABEC-7 45 m bearings.  The e l e c t r i c a l  power t o  the motors 
is supplied by a va r i ab le  frequency supply u n i t .  During the course of the 
pro jec t ,  t h i s  frequency supply u n i t  was m d i f i e d  t o  allow f o r  d i f f e r e n t  f r e -  
quencies t o  h e  supplied t o  each d i s k  a t  any preset frequency r a t i o .  With t h e  
modified system disk  speeds u p  t o  20,000 rpm and continuously va r i ab le  s l i p -  
r a t i o s  between the d i sks  can be achieved. 
This apparatus i s  shown p i c t o r i a l l y  i n  Figure 1 and a 
Essen t i a l ly  the  apparatus cons i s t s  of two 
The 
The d i s k  i n  a11 experiments were 36 rum i n  diameter. The upper d i sks  
contained a lli0 inui crown so that an e l l i p t i c a l l y  shaped contact  region was 
formed between the disks .  These d isks  were mounted on tapered s tub-shaf t s  
which f i t  i n t o  the d r ive  sha f t s .  The upper d i s k  sur face  was e l e c t r i c a l l y  
i so l a t ed  from i t s  s tub-shaf t  by means o f  an al-umina s leeve between the d i s k  
and s h a f t ,  as  shown i n  Figure 3 .  T h e  lower s tub-snaf t  contained four l i sks  
3 
FIGURE 1. ROLLING-CONTACT DISK MACHINE 

I 1 
I 
6 
which could be p re fe ren t i a l ly  located under t h  
each of the  lower disks  had a d i f f e r e n t  surface f i n i s h  ranging from polished 
t o  0.36 urn cla f in i sh .  
giben i n  Figure 4. 
next sect ion.  
upper disk.  In some experiments, 
Photographs of the  d isk  stub-shaft  arrangements are 
The method f o r  f in i sh ing  the  d isk  is discussed in the  
Loading is achieved by a deadweight system with a mechanical advantage 
of approximately 52 (Figure 1). 
the  load of t he  disks.  
the  d isk  when the experiments are terminated. 
rig is given i n  F i g u e  5 .  As an example, a load 1UOO N on the  d i sks  y i e l d s  a 
contact stress 1.50 GPa (216,000 psi) asd a contact e l l i p s e  with a half-vidtk 
of 2.4 x 10'" m 
I n  the  experiments, a pneumatic cyl inder  supports 
This pneumatic arrangement also allows quick unloading of 
The load-stress curve f o r  the  d i sk  
(0.0096 inch) and a half  length of 14.0 x 10-4 HI (0.0566 inch). 
Elevated temperature wuJ achieved by means of a hea t  p i p e  on the 
disks  and by preheating the lubr icants  being evaluated. 
were used i n  the expe rben t s  65 C,  90 C, and 150 C. 
disk  temperature were monitored by standard themcoup les .  
teaperature,  the thermocouple was spot-welding t o  the  upper disk and s l i p  
r ings were used t o  transmit the signal from t he  ro t a t ing  sha f t .  I n  the  65 C 
expe rben t s ,  sane increase i n  temperature (up t o  70 C) normally occurred due 
t o  heating from the support bearings a s  w e l l  as from the disk contact  region. 
For the  higher temperature conditions,  the disk temperature was within about 
2 degrees of the  desired value. 
Three tenperatures 
Both o i l  i n l e t  and bulk 
For the  d isk  
As shown in Figure 1 the upper d isk  support un i t  is on a hinge 
such tha t  any tangent ia l  force or ig ina t ing  a t  the  disk contact  region tends 
t o  swing the u n i t  in the force d i rec t ion .  A load c e l l  is used t o  constrain 
t h i s  motion and t o  monitor t h e  amgnitude of the force ,  as shown in Figure 6. 
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FIGURE 6 .  SCHEMATIC DRAWING OF DISK ?CAC!frSE ILL'JSTRA'IING "QACTION I-[EASURENENT 
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One major aspect of the experinrentax procedure was the prepara- 
t i o n  of the surface f i n i s h  on the disk. 
finishes were required as f o l l m :  
Durhq the  expe-nt, f i v e  
(1) 
(2) Smooth-T - .15 pm (5-7 Uin.) c l a  (transverse lay) 
(3) Sm0oth-C - .15 pm (5-7 pin.) cla (circumferential  lay) 
(4) IQugh - .33 p (l2-15 pin.) cla (tranmrse lay) 
(5) 
Since numerous d i sks  were required, a reproducible method €or pre- 
Polished - .03 pm ( 4 i n  ) cra 
Gear Finish - .54 pi (19-22 pin.) cla (transverse lay). 
paring these surfaces was developed. 
po l i sh  the disk8 to generate 8 x 1  i d e n t i c a l  baseline finisa. 
the polished lamr disk was polished using a ccmmercial cy l ind r i ca l  lap.  
crown on the .;-pet disk was lapped and polished on a p i v o t  am w i t h  a 140 mm 
(55 inch) radius. The pol i sh  was  achieved with a f e l t  pad bonded to  the l a p  
embedded with a d f w d  l appi ra  campound. 
the spec ia l  fixture shuwn in Figure 7. 
f o r  the disk stub shaft aud a f in i sh ing  wheal which is loaded against  the  disk. 
In the lapping process, cosleercLa1 g r i t  paper was cenmted t o  the wheel. 
following sequence was used to apply the  desfred sur face  roughness and lay: 
The first s t e p  in *be process was  to 
The surface for 
The 
After polishing each specimen, the s p e c i f i c  finish was appl ied us- 
This fixture cons is t s  of a d r ive  uni t  
The 
(1) To achieve a circumferent ia l  lay f i n i s h ,  the  d i s k s  were 
ro ta ted  in the  f i x t u r e  w i t h  the finishing wheel loaded 
onto the  surface.  This f i n i s h  wheel was ro ta ted  much 
slower than the disk.  
To achieve a transverse lay  f in ish ,  the disk was ro ta ted  
very slowly while the finishiug wheel was rocated e t  a 
f a s t e r  r a t e .  I n  the finishing operation, the disks were 
ro ta ted  a t o t a l  of two revolutions.  
After f in i sh ing  the disk f in i sh  was checked in a Talysurf 
and a log made of the  informatioa. 
within the f in ish  specif icat ion.  
(2) 
(3) 
All d i s k s  used were 
11 
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In any experiment where a change i n  sur face  f i n i s 5  w a s  suspected,  
t he  disks were re ta lysur fed  and removed from service. As a r e s u l t ,  the  
d i sks  used i n  the  experiments Weie ava i l ab le  f o r  inspec t ion  and f u r t h e r  
sur face  evaluation. 
The disk machine is equipped v i t h  instrumentat ion t o  monitor 
several aspec ts  of *e disk. con tac t  z0-e phenocnena. 
is used to measure lub r i can t  f i lm thickness  (See Figure 1). This technique 
An X-ray technique 
has been descr ibed previously (I)* and c o n s i s t s  of passing d col l imated X-ray 
beam througfr the d i s k  con tac t  region and of monitoring t h e  X-ray r a t e .  Since 
t h e  lub r i can t s  a r e  much amre t ransparent  t o  t h e  X-rays, than the s tee l  d i s k s ,  
t h i s  X-ray transmission can be r e l a t e d  t o  t h e  film-gap between the  d i sks .  
Cal ibra t ion  of t h e  X-ray beam is achieved by spreading the  d i sks  apa r t  by 
2-4 t o  5 b m  and measuring the X-ray transmission for these known separa t ions .  
In add i t ion  t o  film thickness  measurements with the X-ray tech- 
nique, percent  f i lm  measurements were made i t h  an e l e c t r i c a l  cont inui ty  
technique. 
film from the  e l e c t r i c a l l y  i s o l a t e d  upper d isks  to  t h e  lower and the  break- 
down of the volcage measured. 
For this technique, 100 mv a-c is  appl ied across  the l u b r i c a n t  
A block diagram of the  percent  f i lm c i r c u i t r y  
is  s h m  in Figure 8 .  This c i r c u i t  was atiopted from a published c i r c u i t  (2 1 
and y i e l d s  a value f o r  percentage of l ub r i ca t ion .  
As mentiotad in 'le apparatus sec t ion ,  s l i p  is indtlced between 
the  d isks  by varying t h e  e l e c t r i c a l  frequency t o  t h e  uppe r  d i s k  d r i v e  
motor. 
using magnetic pick-ups in conjunction with 60 tooth gears .  
This s l i p  is monitored by measuring the  speed of each d isk  independently 
* All references l i s t e d  a t  the bacA of  t e x t  on page72. 
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The output from the pick-ups a r e  both fed i n t o  an e l ec t ron ic  r a t i o  meter 
which y i e l d s  an e l e c t r i c a l  output proport ional  t o  percent s l i p .  
Tract ion Zs detected by a commercial load-ce l l  which senses the 
The output from force required t o  cons t r a in  the upper d isk  s u p p x t  u n i t .  
load c e l l  transducer i s  fed i n t o  the  y-a:- 3 of an x-y recorder,  and the 
output from the  speed r a t i o  meter is  fed i n t o  the x-axis.  
In  the  t r a c t i o n  experiments, the s l i p  was var ied continuously 
over a range from -5 percent t o  p lus  25 percent ,  although a smaLler range 
was used i n  the later lub r i ca t ion  spec i f i ca t ion  experiments. 
recorder ,  this v a r i a t i o n  in s l i p  produces a continuous t r a c t i o n - s l i p  c u r i e  
for  the  p a r t i c u l a r  l ub r i can t  being evaluated. 
Using the x-y 
The BCL X-ray d i s k  apparatus is an extremely v e r s a t i l e  t o o l  f o r  
evaluat ing applied elastohydrodynamic lub r i ca t ion  phenomena fo r  a wide 
range of very p r a c t i c a l  condi t ions.  Spec i f i ca l ly ,  t he  f o l h w i n g  range of 
var i ab le s  were used i n  the  experiments: 
Loads - 0.7 GPa t o  2 GPa 
0 Speeds - 5,000 rpm t o  20,000 r p m  
0 Temperature - 65 C, 90 C,  and 150 C 
S l i p  Conditions - up t o  50 percent 
Surface Roughness - from pol ished (0.025 llpl c la )  t o  
rough (0.33 p c l a )  with Icy e i t h e r  t ransverse  or 
circumferent ia l  
The apparatus generated the following outputs:  
(1) Lubricant f i lm thickness  
(2) Percent of l ub r i can t  film 
(3) Tract ion between d isk  as  a funct ion of s l i p  
(4) Worn d isk  sur faces  f o r  p o s t - t e s t  v i sua l  examination 
I n  genera l ,  then, the type o f  da t a  from the  d i s k  s p p a r a b s  should  
clearly def ine  the EXD l ub r i ca t ion  capab i l i t y  f o r  a l ub r i can t  over a p r a c t i c a l  
range of condi t ions.  These da t a  should,  then,  be  s u f f i c i e n t  t o  form the  bas i s  
of a lubr icant  spec i f i ca t ion  fo r  MIL-spec lub r i can t .  
15 
The f i r s t  t asks  of t he  p ro jec t  were d i r ec t ed  toward compiling film 
thickness  and percent  film da ta  f o r  a range of condi t ions.  
goal  was t o  determine the  e f f e c t  on the  M D  fi lm thickness  of 
(1) Load 
(2) S?eed ( including s l i p )  
(3) Surface Roughness ( including lay  of finish) 
(4) Temperature. 
Essen t i a l ly  the 
Three lub r i can t s  were used and t h e i r  base v i s c o s i t i e s  are given i n  Table 1. 
TABLE 1. LUBKIC.iNT VISCOSSTY DATA 
Lubricant 
Viscosi tv  (CP) 
T = 3 8 C  T = 100 c 
~- 
XRM 109 F 369 
~- 
31.6 
XRM 177 F 336 29.8 
SANTOTRAC 50 29 4 . 8  
Film thickness  da ta  a r e  presented i n  Tables 2 through 11 and i n  
Appendix A. 
mult iply s m  by 39.3 to  yield micro inches and GPa by 142,000 t o  g e t  ps i . . )  
data  in the  appendix a r e  f o r  the XRii  109 F and XRM 177 F l ub r i can t  f o r  a wide 
range of condi t ions and form the background €or  thc  m o r e  spec i f i c  da t a  of 
Tables 2 through 11. IA a l l  cases  t h e  experiments were rerminated when a 
percentage f i lm reading of 15 t o  202 were seen. I n  e a r l i e r  experinents  i t  
was observed tha t  t h i s  l eve l  of percent f i l m  would produce a not iceable  
surface change a s  shown In Figures 9 and 10.  
The da ta  a r e  given in S I  u n i t s .  (To convert  t o  English u n i t s ,  
The 
As a r e s u l t  cf these experiments, two general observat ions can be 
made : 
(1) The film thickness f o r  XRY-109F and XR?l-l7X are qu i t e  
similar over t h e  range of  speeds, loaas, and temperatures 
s tudied  . 
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TABU 9 .  P'iLPI TEIIcI[NEsS AND PERCENT FIW DATA FOR 
xBn-177F AND MTEE DISKS WITH 0 . 3  
TRANSVERSE U P  FINISH 
- L a - -  
Load, a n i . .  -- 
B a  8 10 20 2' 1) 10 20 25 -- 
* 
F i l m  t h i c k n a s  (pm) 
(percent f i l m )  
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a. Surface before expertment. b .  Surface a f t e r  experiment. 
--. ---- 
c .  Surface prof i le  before experiment ,0.36 urn, c l a . ) .  
. i - .  
d .  Surface p r o f i l e  a f t e r  experiment (0 .31  bm, c l a . 1  I 
LWGrnM. 'c 4. ;j 
& )  C f X 3 R  : ? .  
FIGURE 9 .  MICRQCRAPH AND SURFACE TRACE OF MEDIUM LOWER DISK SURFACE 
BEFORE AND AFTER ROLLTNC/SLTDINC FXPERT31ENT 
Xaximum Hcrtz stress; =. 0.684 CPa (100 ksi) 
Lower d i s k :  spetxi = 10,000 rpm 
Upper d i s k :  speed = 7500 rpm, roughness = 0 . 1 5  urn 
L u b r i t a n t  temperature: 379 K (150 F) 
Film t t i fckness  (,Am)/yercentegc of f i l m  = O.f3/10 
T e s t  Conditions: 
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(2) The percentage of f i lm f o r  t he  addi t ive-free XRM-109 was  
s ign i f i can t ly  less than f o r  t he  XRM-177 which conta ins  
an addi t ive  package. 
condi t ions (150 C) where extremely t h i n  f i lms  were measured 
with e i t h e r  o i l ,  t he  percent f i lm was near ly  100 percent 
f o r  the 177, but zero f o r  the’ l09 .  
Under high-slip,  high-temperature 
Increasing the  s l i p  causes only a s l i g h t  drop i n  filu t h i c h e s s  f o r  t he  
109 or 177 lubr icant .  This drop i s  due t o  two e f fec t s :  
(1) 
(2) 
A n e t  decrease i n  t o t a l  r o l l i n g  speed 
A s l i g h t  : increase i n  temperature. 
For the  Sanotrac 50 f l u i d  the  film thickness decreased s i g n i f i c a n t l y  w i t h  
s l i p  ind ica t ing  a very l a rge  temperature rise w i t h  t h i s  f l u i d  under s l i p  
conditions.  
high t r ac t ions  associated w i t h  f lu id .  
the  report . )  
BCL showed very high temperatures with the Santotrac f lu id .  
Such a temperature rise would be expected a s  a result of the 
In  addi t ion,  surface temperature measurements (3) made a t  
(Tractions are discugsed later in 
Graphs showing measured f i l m  thickness as a funct ion of speed f o r  
two loads (1  and 1.4 Gt’a contact  stress), two temperatures (65 C and 90 C), 
and three  types of roughness (smooth,0.15pm c l a  circumferential lay ,  ?ad 
0.15 pm c l a  t ransverse lay)  are given i n  Figures 11 through 15 f o r  the 
three  lubr icants .  As can be observed t h e  amount of increase in  f i lm 
thickness with speed drops considerably a t  the highest  speed condition and, 
i n  some cases ,  ( a t  15,000 rpm) a s l i g h t  drop i n  f i lm thickness occurs. This 
is  most l i k e l y  due t o  a tempgrature rise re su l t i ng  from high speed shearing 
of t he  lubr icant .  
the t a r g e t  equilibrium temperature a t  the high speed condition espec ia l ly  f o r  
the  high speed experiments. 
I n  m n y  cases, it was l i t e r a l l y  impossible to  maintain 
In  a l l  cases the  f i lm  thickness da ta  associated with the rough 
(0.15 p c la)  disk were less than the smooth d isk  da ta .  
reduction was roughly on the  order  of magnitude of t he  combined sur face  roughness 
of the  two disks.  3ne very in t e re s t ing  f ea tu re  of the data  i s  t h a t  t he  f i lm 
thickness associated with the circumferent ia l  l ay  f i n i s h  was always th icker  than 
with the t ransverse lay f in i sh .  This e f f e c t  was fu r the r  substant ia ted by the 
indicat ions of meta l l ic  contact using the percent-fi lm measurements. 
of the  t r ac t ion  f lu id  only a very seager amount of data  could be obtained with 
the  t ransverse lay f i n i s h  due t o  excessive contact .  
This f i lm thickness 
In the case 
The reason fo r  the fi lm-thickness surfacc-roughness phenomena a re ,  
a t  t h i s  t h e ,  not well understood. In  M D  theory where the f i lm thickness i s  
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- Smooth disks -*- 0.15 pm CLA transverse 
--+-- 0.15 pm CLA circumferential 
0 5 10 I5 20 0 5 10 15 20 
Speed, IO3 r p a  Speed, IO3 rpm 
a. Max contact stress, 1.0 C'.J b. Max contac. ?tress, 1.4 GPa 
FIGURE 13. FILM TKXCKNESS AS A FUNCTION LP DISK SPEED FOR VARIOUS 
LEVEL5 5F SURF-GE ROCGtL'X3S FOR XRM-177F AT 6 5  C 
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- Smooth disks -*- 015 pm CLA tronsvtrse 
--&-a- 0.15 prn CLA circumferential 
0 
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Speed, io3 rpm Speed, io3 rpm 
a. Max contact stress. 1.0 GPa b. I..ax contact stress, 1.4 GPa 
FIGURE 14. FILM TIIICKNESS AS A E'UNCTION OF DISK SPEED FOR VARIOUS 
LEVELS OF SURFACE ROUGHNESS FOR XRM-.177? AT 90 C 
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- Smooth disks - *- 0.15 p.:n CLA tmnsverse 
4-0- 0.15 pm CLA circumferential -- 
0 
p”$” I I I 
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0 5 IO IS 20 5 IO I5 20 
Speed, 103 rpm speed, io3 rpm 
o. Max contact stress, 1.0 G f a  b. Mox contact stress, 1.4 GPa 
FICL‘RE 1 ~ .  FiLX TliZCK3ESS AS A W C T 1 O : i  OF D I S K  SPEED FI?R VARIOL‘S 
LEVELS OF SURFACE ROUGHNESS FOR SANTOTRAC 50 AT 65 C 
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the order of the surface ~-oqh.nesr, raae enhancement of the film thickaecrs i s  
predicted espac ib t ly  for a truuverse l ay  finish. 
sacb eahanamiemt was seen though very few u r p a m i t s  were conducted in  drts 
vexy thin film r q e .  Since the X-ray film tbicknesa system is a “8hido-P 
t@cbd.q-ie for meamring d n h m  f i lm thiclrnars, i t  is, of course, pors ib le  
that the decrease ip film is p a r t f a l l y  the  r e d t  of an X-ray blockage by 
asperities. Further, shce t~apswrrsc a s p e r i t i e s  are var i ab le  (at random 
height) w i t h  respect  to  the contact region and are perpendicular to the X-ray 
path,  i t  is reasonable that they would produce 801% m e  of shu t t e r ing  of tbe 
X- -ay stream. Eouever, them sha t t e r ing  asperities also prodace metallic 
100 quantitative evidence of 
mt8ct be- the d i s h  tmder thin fiku coaditlotw. 
wardless of the rechanisr for surface m u g h e s s  effect on film 
thickness the foll- conc~uaiono from the data  can be made: 
(I) Surface nxqhness reduces the brrreficial e f f e c t  of 
IQID film thickness between rolling el-ts. 
Zhe magnitude of U s  reduced ef fec t iveness  is of the 
order  of esgaitude of the roughness. 
Transverse lap finish such a s  occuss in gear teeth is 
-re JetriPeatai t o  lubr ica t ion  than c i m d e r e n t i a l  fx lr  
t h i c h e s s  such as occurs in tolltag element bearings. 
(2) 
(3) 
The results of the  f9rmal invest igat ion of f i lm thickness and 
percent film between two i d a t i c a l  meting d i s k s  yielded some in t e re s t ing  
results w i t h  regards t o  the e f f e c t  of roughness on f i l m  thickness and per- 
centage of contact.  It I s  reasonable, then, to  fnvesrfgate  these observations 
more c lose ly  t o  determine i f  a d e f i n i t e  pa t te rn  exists which can be mathe- 
matical ly  modelled. 
t o  have c o n s i s t r i t  data ,  expecial ly  percentage of film data .  Such da ta  can 
b e s t  be obtain-a ‘ y  using four d i f f e r e n t  toughnesses on the lover  multidisk 
s u b  shazt  and a s ingle ,  polished upper disk. 
To achieve an accurate modelling prtxess, i t  vas desired 
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Table 11 presents  a 8 - q  of f i lm thickness  and percent f i lm  
da ta  using a single upper d i s k  for  hro of the  l ub r i can t s  of Table 1. 
loads *re used i n  these experiments t o  aid  in es t ab l i sh iug  load e f f e c t s  on 
t h e  measurements. In addi t ion,  d a t a  -re obtained f o r  tu0 speeds and two 
temperatures. In general ,  the  range of condi t ions vete selected, based on 
previous e x p e y i e c e ,  t o  d n i m i z e  condi t ions producing metaillc coutac t .  
Several  
The a n a l y t i c a l  d e l  used tct  evaluate t he  f i lm  thickness  data was 
of the form 
where El is the film thicrcness (+I 
v 
ph is the contac t  stress (@a) 
p is the v i s c o s i t y  of t he  oil (c ) P 
Q is the c la  surface roughness (+) 
is the  ve loc i ty  of the cXsk sur face  (le rpm) 
A least squares f i c t ing  procass vas used to f i t  the equation t o  t h e  experi-  
mental data. Ttre optinam fit can be  wr i t t en  as 
The eGuation for the percent  f i l m  da t a  is i n  the  form 
P = (1- exp ( )ln (3) 
where P is the  percent film and 
n = 1.2 for t ransverse  lay f3nish and 1.4 fo r  c i rcumferent ia i  lay. 
The computer pr in t -out  shoving a comparison between the  measured 
and the f i t t e d  da t a  i s  given i n  Appendix E. 
vas achieved f o r  the f i lm thickness  da ta .  Despite the r igorous e f f o r t  
t o  cont ro l  a l l  va r i ab le s  the  f i t  f o r  t he  perccnt f i l m  w a s  somewhat poorer 
than the f i lm thickness .  The problem here ,  of course,  is associated w i t h  
the f a c t  t h a t  percent f i lm tends t o  be a s tep  function varying between Q to 
100 over a very short range of film thicknesses.  Small u a c e r t a i n t i e s  i n  
the operat ing condi t ions o r  sur face  roughness a r e  g r e a t l y  amplified i n  the 
f i t t i n g  process.  Considering iis problem, the percenc film f i t  is reasonable.  
In geaera l  a very good f i t  
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8. Equations (2) 
It and (3) were developed from da ta  generated - d t h  a polished upper d isk .  
is i n t e r e s t i n g ,  howezer, t o  compare the  pred ic t ions  of these equations vi:' 
the  da t a  of Tables 2 through 11 f o r  mating d i s k s  with the  same roughnesses. 
For t h i s  comparison, the  composite roughness (Q) of the  p a i r  of d i sks  was 
used; t h a t  is 
a - J q T S  ( b )  
where 
cr1 and T? are the  roughaesses of each disk .  
For the  case of mating i d e n t i c a l  d i s k s  
o = 1.41 u1 
Table 13 presents  a ctnnparison of predic t ions  from Equations 2 
and 3 with experimental da ta .  
In general ,  i t  is apparent t h a t  the  t rends  from Equations (2) and (3) are 
q u i t e  cons is ten t  with the measurements. 
These da ta  were se l ec t ed  e n t i r e l y  a t  random. 
In addi t ion  t o  the  f i lm  thickness  and percentage of f i lm  measurements, 
t r c c t i o n  da ta  f o r  t he  lub r i can t s  were generated.  
reducing the speed of t h e  upper d i sk  r e l a t i v e  t o  the  lower d i sk  and, thus ,  
generating s l i p  across t h e  lub r i can t  f i lm. 
shear  stress in thc  f i lm  which r e su l t ed  in a t r a c t i o n  fo rce  on the upper motor 
tending t o  d r i v e  i t  i n  the  d i r e c t i o n  of the  lower d i s k  sur face  speed. 
t r a c t i v e  force was measured by cons t ra in ing  the  upper m O t m  wi th  a load cel l ,  
a s  shown i n  Figure 6 .  The upper motor is suspended i n  r o l l e r  bearing p ivots  
so t h a t  i t  is f r e e  t o  move in response t o  the t r a c t i v e  force.  The load c e l l  
cons t ra ins  t h i s  motion and produced an output proport ional  t o  the t r ac t ion .  
This  da t a  was produced by 
S l i p  between the d isks  produced a 
This 
An example of a t r a c t i o n l s l i p  curve is shown i n  Figure 16. The 
v e r t i c a l  ax is  is t r a c t i v e  force in Newtons and the hor izonta l  a x i s  is s l i p ;  
t h a t  is, the d i f fe rence  i n  speed between the d isks  divided by the  speed of :he 
lower disk.  The cuzve has been generated from negat ive t o  pos i t i ve  s l i p ;  t h a t  
is, from the condi t ion where t h e  upper disk i s  moving f a s t e r  than the  lower 
disk  t o  when the upper d isk  i s  moving slower than the lower disk.  
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FIGURE 16. TRACTION/SLfP TYRVES FOR SYNTHETIC PARAFFIXIC FLUID 
(XRM-109) AT 10,001) RPM AX0 65 C 
This will produce a symmetrical t r a c t i o n  curve around zero s l i p  and will 
allow the loca t ion  of the zero t r a c t i o n  condition. 
occur exac t ly  a t  the ind ica ted  zero s l i p  value because of small d i f f e rences  
i n  d i sk  diameter. 
shown in Figure 17 were drawn. 
t h e  d a t a  has been arranged in t abu la r  form i n  Appendix C. 
t h e  magnitude and loca t ion  of t h e  peak t r a c t i o n  €or each load, speed, and 
temperature condi t ion  in the  experimental program. 
This condi t ion  may not 
From th ir  type of d a t a ,  t r a c t i o n / s l i p  curves such a s  
To ease  i n  eva lua t ion  of t h e  t r a c t i o n  curves,  
The t a b l e s  show 
The value of peak t r a c t i o n  for the  l u b r i c a n t s  s t t d i e d  are p l o t t e d  
i n  Figures 18 to  20 .  
Tkese t r a c t i o n  values occur a t  d i f f e r e n t  values of s l i p  but represent che 
maximum shear force which can be produced in the  conjunction region. In 
general ,  the  d a t a  show a s l i g h t  drop in peak t r a c t i o n  w i t h  speed. 
t r a c t i o n  values  a r e  shown f o r  pol ished mating disks  as w e l l  as mating p a i r s  
of disks  having 0.15 pm c l a  su r face  f i n i s h e s  with t h e i r  l a y  in the t r a n s -  
ve r se  d i r ec r ion ,  i n  one case,  and the  c i rcumferenr ia l  8 i r e c t i o n  in the other .  
The e f f e c t  of the  rougher su r faces  is t o  incrP:se t h e  peak t r ac t ion .  
c i rcumferent ia l  su r f ace  l a y  produces t h e  l a r g e s t  i nc rease  3 t r a c t i o n .  
sur face  has  a l s o  been shown t o  produce the l a r g e s t  percent  contac t  between 
the surfaces.  
Figure 18 shows the  peak t r a c t i o n  f o r  XRH-109 a t  65 C. 
The 
The 
This 
One explanat ion f o r  the  l a r g e  t r a c t i o n  values  measured f o r  the 
c i rcumferent ia l  l a y  su r face  involves t h e  geometry of t h e  contact .  
patch is an e l l i p s e  which is six times wider than it is  long. Since the 
spacing of the sur face  roughness peaks is s imi l a r  f o r  the d i f f e r e n t  lay 
f i n i s h e s ,  more peaks w i l l  be i n  the contact zone f o r  the c i r cumfe ren t i a l  l a y  
f i n i s h .  
t r a c t i o n .  
The contac t  
This will produce a higher  percentage of contact a s  w e l l  a s  increased 
The results f o r  the XRM-109 a t  90 C and 150 C shown in Figures 19 
and 20 show s imi l a r  r e s u l t s  t o  those discussed f o r  the 65  C temperature except 
t h a t  the  peak t r a c t i o n  values a r e  s l i g h t l y  reduced a s  the t q e r a t u r e  is 
increased. 
The r e s u l t s  of t h e  t r a c t i o n  experiments using the XRM-177 l ub r i can t  
a re  shown i n  Figures 2 1  to  23. These curves a r e  s i m i l a r  t o  those shown f o r  
the XRM-109 i ub r i can t .  There is a decrease i n  t r a c t i o n  w i t h  increased temp- 
e r a t u r e  and speed. The e f f e c t  of sur face  roughness i s  t o  increase  the peak 
t r a c t i o n  w i t h  the c i rcumferent ia l  l ay  finish giving t h e  g r e a t e s t  va lue .  
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The peak t r a c t i o n  values  measured using Santo t rac  50 are shovn in 
Figures 24 and 25. 
about Cotu times those measured for the XBH-109 and XBn-177. For &e 
Santotrac f l u i d ,  there  is a s l i g h t  increase i n  t r a c t i o n  with speed r a t h e r  
than the  decrease shown in wfth the previously discussed lubr icants .  
the surface f i n i s h  has less e f f e c t  on the t r a c t i o n  values.  
should be noted that  much th inner  l ub r i can t  films were measured w i t h  %e 
Santotrac 50 and t h a t  range of possible operating conditions were severely 
l imited by "damage" :o t he  disk surfaces .  
could be run over the  e n t i r e  speed range (Figure 25). 
The values of peak t r a c t i o n  fo r  this l ub r i can t  were 
Also, 
Bowever, it 
A t  90 C, only the  polished d i sks  
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DEVELOP= OF LUBRICANT SPKIFICATION 
The research program reported he re  has  been divided i n t o  four  
tasks  w i t h  the u l t h a t e  ob jec t ive  being t o  use the informatioa obtained 
t o  def ine  a spec i f i ca t ion  f o r  l ub r i can t s  based on t h e i r  performance in an 
EtfD contac t .  
The curreut a d l i t a r y  spec i f i ca t ions  (Ma-L-7808 or MIL-L-23699) include 
composition, ambient pressure  v i s c o s i t y ,  and t h e  physical  p rope r t i e s  (sediment, 
foaming) o f  the  lubr icant .  
formance tests. 
machine ana for a 100 hour test i n  a J-57 engine. 
be a measure o f  the boundary lub r i ca t ing  c q a b i l i t y  of tbe l u b r i c a n t  (EP 
add i t ives  p r inc ipa l ly )  and the  100 hour engine test  would expose e x t r m e l y  
poor lubr icants .  
Tne spec i f i ca t ion  also inc ludes  several per- 
These tests r equ i r e  specified performance in a Ryder W a r  
The gear  mcrchice would 
Design of concentrated contac t  bearings ( b a l l  and roller bearings) 
are based on the  concept of EKD l ub r i ca t ion ;  t h a t  Ls, t h e  l i fe  of t he  bearing 
is influenced by the  lub r i can t  f i lms  formed between the  elements. 
f a t igue  considerat ions,  ( these  would not be significant i n  e i t h e r  t he  gear 
test o r  t he  100 hour engine test) the  bearing l i f e  can be predic ted  from the 
rat io  of opera t ing  
matiug elecaents. 
From 
fLLm thickness  t o  average su r face  roughness of  the 
To f ind  the =I) films formed by a given l ub r i can t ,  o r e  i n f o m a t i o n  
than is  ava i l ab le  from e i t h e r  the Hu-L-23699 o r  KIL-L-7808 s p e c i f i c a t i o n  is 
required.  Since these lub r i can t s  are used i n  bear ings and gears ,  a modified 
spec i f i ca t ioa  which addressed the  EEID f i lm forming c a p a b i l i t y  of t he  lubrican: 
would be of i n t e r e s t .  The l ub r i can t  spec i f i ca t ion ,  a s  now written,  def ines  
the chemistry of t he  f l u i d s  and i s  based on pas t  experience v i t h  such fluids. 
Changes i n  l u b r i c m t s  based by c o s t  or a v a i l a b i l i t y  considerat ions may requi re  
chemistry changes and how such changes a r e  r e f l ec t ed  i n  M D  performance should 
be included in the  specif icat ic . , .  
The BCL d i s k  amchine i s  a standardized method of studying bearing 
lub r i can t s  and evaluat ing t h e i r  RiD film-forming c a p a b i l i t i e s .  
operated with rough sur faces  a t  severe operat ing condi t ions to  study the 
e f fec t iveness  of the  boundb,-): l ub r i can t s  formed a t  t h e  i n t e r f ace .  
I C  can a l s o  be 
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As a r e s u l t  of the  i n i t i a l  work wi th  XRn-109, X R k i 7 7 ,  and 
Santo t rac  SO, a series of experlments were defined which would show t h e  
film-forming c a p a b i l i t y  and the boundary lub r i ca t ing  e f f ec t iveness  of 
s eve ra l  23699 and 7808 type lub r i can t s .  
both "good" l ub r i can t s  ( those t h a t  behaved well i n  operation) and "bad" 
lub r i can t s  (those which were known to  give t rouble  in engine o r  gearbox 
opera t ion) .  Unfortunately, the  lub r i can t s  with a h i s t o r y  of unsa t i s f ac to ry  
opera t ion  were not  a v a i l a b l e  and only good lub r i can t s  were ava i l ab le .  
r e s u l t s  of the  experiments showed a v ide  range of opera t ing  f i lm  thicknesses 
and percentages of film. 
must be acceptable  f o r  o se ra t ion .  
the  l u b r i c a n t s  are d i f f e r e n t  and under some opera t ing  condi t ions ,  the choice 
of  one s p e c i f i c  o i l  may inc rease  t h e  l i f e  of t h e  mechanism. 
The i n i t i a l  i n t e n t  wa8 t o  study 
The 
Since these a r e  a1l"good" lub r i can t s ,  such a range 
However, i t  is c l e a r  from the da ta  t h a t  
Experiments foz  Lubri- 
c a n t  Spec i f i ca t ion  
Based on evalua t ion  of  the  d a t a  generated e a r l i e r  in t h e  program, 
the  following condi t ions  were pursued f o r  t h e  s p e c i f i c a t i o n  evaluations:  
(1) Speeds = 5,000-~5,000 rpm 
(2) Loads (contact pressure) = 1.0 t o  1.4  GPa 
(3) Temperature - 65-150 C 
(4) 
(5) Surfane f i n i s h  - four l e v e l s  
Spec i f i ca l ly ,  four  t r a c t i o n  s l i p  graphs f o r  each f i u i d  were generated. 
S l i p  condi t ion  - up t o  10 percent 
0 Graph I. Speed Ef fec t s  on Trac t ion .  A graph of 
t r a c t i o n  v e r i u s  s l i p  was generated f o r  one load 
(1.4 GPa). one temperature (90 C ) ,  one sur face  
f i n i s h  (.02km) , and th ree  speeds (5,000, 10,000, 
and 15,000 rpm) . 
0 Graph 11. Load Effec ts  on Traction. A graph of 
t r a c t i o n  versus s l i p  was generated f o r  one speed 
(10,000 rpm) , one tempecature (90 C )  , one sur face  
f i n i s h  ( . 0 2 5 p ) ,  and three loads (1.0,  1 . 2 ,  and 
1.4 GPa) . 
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Graph 111. Temera ture  Ef fec t s  on Tract ion.  A graph 
of t r a c t i o n  versus  s l i p  was generated f o r  one speed 
(10,000 r p a ~ ) ,  cae load (1.4 m a ) ,  one sur face  f i n i s h  
( . 025  p), and th ree  temperatures ( 6 5 ,  90, and 150 C). 
Graph IV. Surface Finish Effects oa Tract ion.  A 
graph of t r a c t i o n  versus s l i p  was generated f o r  oae 
speed (10,000 r p m ) ,  one load (1.4 GPa), one temperature 
(90 C ) ,  and f c u r  sur face  f i n i s h e s  on the  1ouc.r disks 
(-025, .13 trap:, -13 long, and . 3  t r ans  p c la )  . The 
rrpper d i sk  f i n i s h  vas 0.02Sp. 
These four Sraphs can be used t o  de f ine  the operat ion of t he  lub- 
r i c a o t  over the  range of condi t ions t-ical of bearing and gear  contact .  
Test  Lubricants 
For the  experiments, t en  lub r i can t s  were suppl ied by the  Army and 
Four lub r i can t s  were qualified under MIL-L-23699B, and s i x  were A i r  Force. 
qualified under m-L-7808G. 
i n  Table 14 below. 
The Designatio3 of the l ub r i can t s  is - s  spec i f i ed  
U”’E 14. DESIGNATION OF LUBRICANTS 
Lubricant 
Number 5 P e  I d e n t i f i c a t i o n  
6 
7 
8 
9 
10 
7808G 
23699B 
98 
11 
II 
780% 
81 
t l  
DSA-600-7 6-C- 211 6 
DSA-600-754-1853 
DSA-600-76-C-1231 
DSA-600-id-C-1527 
DSA-600-76-C-1975 
3SX-600-77-C-0634 
ATL- 70 ? 2 
AT L- 7 O 7 j 
An- 7 C 74 
ATL-7073 
Qual 15D-1 
09c-1 
I’ 07A 
‘I (1-SA-? 
’I 0-SA-1 
15D-1 
( p o l y o l  e s t e r )  
( m i s t u r e  of p o l y o l  t dies ter )  
( m i x t u r e  cf p01;rol 5 diescer)  
(diester ) 
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The major difference between the requirements for 7808 and 23699 
oils are given in Table 15. 
the increased viscmlty  requirement for the 23699 oil. 
The major difference at operating conditions is 
TABLE 15. LUBRICANT PROPERTY REQUIRMENTS 
7808 23639 
Viscosity (CS) @ 08.9 C max 
Viscosity (CS) @ 98.9 C ain  
Viscosity (CS) @ 37.8 C min 
Viscosity (CS) d -65. C  ma^ 
Viscosity (CS! @ -40. C m c u ~  
Pour Point ("C) max 
Flash Point ("C) min 
Total acid no. (%I amx 
3.0 5.0 
- 5.5 
11.0 25 
13000 - 
- 13000 
-60 -54 
204 246 
.30 .so 
Experimental Results 
The results of the experimental sequence for the ten oils is 
shown in Figures 26 to 2 E ,  and in tabv*lar form in Appendix D. 
- Influence of Speed on Film Thickness 
A plot of the data generated for film thickness as a func:ion of rotating 
speed of the mating d i s k s  is shown in Figure 26. Two bands of data are shown which 
represent the range of data for the t w o  types of lubricant (23699 a d  780J). 
In general, the 23699 specification lubricants produced a higher film thickness 
over the  entire range of speed. 
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Influence of Hertz S t r e s s  
on Film T h i c k n E  
The da ta  f o r  f i lm  thickness  a t  a given r o l l i n g  speed and temp- 
e r a t u r e  for maximum Hertz stresses from 150 t o  200 k s i  (approximately 1.0 
t o  1.4 GPa) a r e  shown i n  Figwe 27.  The graph of t h i s  da t a  shows again a 
somewhat higher  l eve l  f o r  the 23699 spec i f i ca t ion  o i l s .  
among the  o i l s  of each type is q u i t e  high,  ranging up t o  50 percent  i nc rease  
The v a r i a t i o n  of data 
i n  f i lm  thickness for the  
show much less va r i a t ion .  
23699 o i l s  a t  1.0 GPa. The da ta  f o r  the 7808 o i l s  
Influence of Temperature 
OR Film Thiclcuess 
Data showing the  inf luence  oi temperature on the  EHD f i lm  thickness  
f o r  t h e  ten test o i l s  is shorn i n  Pigure 28. The temperature of both d isks  
and the  o i l  sump were kept a t  the temperature value shown. The 23699 o i l s  
exh ib i t  a genera l ly  higher  value of f i lm thickness  and show a range of values  
about 50 percent higher  than t h a t  of the 7808 f lu ids .  The 7808 f l u i d s  show 
less v a r i a t i o n  among the d i f f e r e n t  test o i l s .  
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FIGURE 28. EFFECT OF TEYPERATURE O N  FILY 
THICKNESS FOR NIL-L OILS 
5 9  
Effec t ive  Viscosity 
a t  Contsct Pressure 
--.e 
The e f f e c t i v e  *.iscosity of each lub r i can t  can be ca lcu la ted  (4) using 
the  f i lm thickness ar ac t ion  da ta  f o r  a s e r i e s  of maximum Hertz stresses. 
The r e s u l t s  of t h i s  ch lcu la t ion  a r e  shown i n  Figure 29 a t  a maximum Hertz 
stress of ? . 2  GPa (I75 ksi). The 23699 l ub r i can t s  have a higher  base 
v i s c o s i t y  a t  t h i s  temperature ( 6  cp versus  the 3 cp value for 7808 lubricants 
a t  90 C) and r e s u l t  i n  a l a r g e r  v i s c o s i t y .  However, both lub r i can t s  a r e  
q u i t e  s imi l a r  i n  t h e i r  increase  i n  v i s c o s i t y  with pressure;  t h a t  i s ,  the  
v i s c o s i t y  increases  about 1000 times from stmosphere pressure  up t o  1 .2  GPa 
contac t  stress. 
Effect of Surface ikuphness 
The previous experiments rere performed using polished mating 
d i sks  with an average roughness of Less than 1 pin. (0.025 p). This sur face  
f i n l s h  i s  rcore high ly  polished than typ ica l  for c o m e r c i a l  bearings o r  bears .  
To understand the inf luence of sur face  roughness on the  MD f i lms formed and 
t o  show t he  inf luence  of add i t ives  on the percelltage of contact  between 
sur faces ,  a series of experiments wert performed a t  10,000 r p a ,  1.4 GPa, and 90 C 
while changing the  average sur face  roughness, and the l a y  of t h a t  roughness, on 
the  lower d i s k  specimen. 
The r e s u l t s  of ti?e experiments a r e  presented i n  Figures 30 t o  32. 
Figure 30 shows t h e  film thickness  measured f o r  the f m r  sur faces  s tud ied  
(polished, 0.13 um 
and 0 . 3 0  urn cla t ransverse- lay f i n i s h ) .  The upper curve is for t he  polished 
mating d isks .  The lower curves show the  f i l m  thicknesses  measured using the 
polished upper d is ’  and -,he rougher lower disks .  No c l e a r  d i f fe rences  a r e  appareqt 
between these threc Cicishes.  One point  which should be noted i s  t h a t  the average 
value of f i lm  thickness  f o r  the rmgher  sur faces  is near o r  below tne sur face  
roughness of t h e  lower d i sk .  This i nd ica t e s  t h a t  considerable  sur face  contact  i s  
taking place,  a f a c t  which w i l l  be apparent when we corrsider t h e  percellrage of 
f i l m  measured for these condi t ions.  
c i r c m f e r e n t i a l  l ay  f i n i s h ,  0.13 Urn  c l a  t rmsve r se - l ay  f i n i s h ,  
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Figure 31 shows t he  percentage of f i b  measured f o r  t he  t en  test 
lubricants .  For the polished surfaces,  the f i lms separa te  the  surfaces ,  except  
f e r  1.ubricants 6 and 7 vhict: were shown in Figure 30 to have t h e  lowest values 
of f i lm  thickness. 
percentages of film averaging 20 percent. 
The rest of the sur faces  are nearly the  same ind ica t ing  
- Figure 32 shovs the  t r a c t i o n  da ta  for  t h e  ten test lubricants .  The 
value shown is the  t r a c t i o n  a t  2-1/2 perceit s l i p .  
ference is noted among the  lub r i can t s  as a function of t h e  sur face  roughness 
of the  lower disk.  
mating surfaces.  
values. 
In t h i s  graph, a clear d i f -  
The lowest t r a c t i o n  values were measured f o r  t he  polished 
The two transverse lay f i n i s h e s  each show increased t r a c t i o n  
The highest  t r a c t i o n  was measured with the  c i rcumferent ia l  l a y  f in i sh .  
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co~cLusIoEls FBan THE 
LUBRICANT SPECIFICATION EXPERMENTS 
The t e n  f l u i d s  studied were rep resen ta t ive  samples of mil-spec 
l u b r i c a n t s  now i n  senrice.  
tional performance even though they had met one of tm similar s p e c i f i c a t i o n  
requirements. 
t h e  experiaeatal sequence must be -re severe tt UI the  lubrlcaalcs see in service. 
Rowever. it is clear from t h e  results of t h e  experiments that some of t h e  l u b r i c a n t s  
perform better than o t h e r s  and under some condi t ions ,  t hese  specific.  l u b r i c a n t s  
can increase t h e  l i fe  of t h e  mechanism of i n t e r e s t .  
These l u b r i c a n t s  exhib i ted  a broad range of  opera- 
Since all of these  l u b r f c a n t s  per+ow adequately i u  service, 
As a result of these experiments, €ED requirements for 23699 and 1808 
oils  can be formulated. 
w r i t t e n  in t h e  following form: 
A -le s p e c i f i c a t i o n  for t h e  oils s tud ied  can be 
Sample S p e c i f i s a t i s  
EED Propert'.es 
The film thickness,  percentage of f i lm  and t r a c t i o n  for  the q u a l i f i c a t i o n  
test sample shall be d e t e w i n e d  using the leethod of the Spec i f i ca t ion  Method (page 66) .  
The d i s k  su r faces  should be polished t o  produce a su r race  roughness less than 
0.03 um (cla). 
a t  least one l i ter  per minute. 
t eape ra tu re  (2 5 C). 
contact stress of 1.4 GPa and s h a l l  be  ro t a t ed  at  10.000 rpm. 
The oil s h a l l  be suppl ied  by a lub r i can t  je t  at  a rate of at  
Both d i s k  and oil supply sha l l  be at the  s~lse 
The d i s k s  s h a l l  be loaded toge ther  so as t o  produce a 
The lub r i can t  must have t h e  following minimum c h a r a c t e r i s t i c s .  
rnL-L-7808G 
Minimum f i lm  thickness:  
.Minimum percent F i l m  : 
Tract ion : 
0.25 am at 90 C and 0.10 urn at 150 C 
60 percent a t  90 C and 50 percent a t  l e 9  C 
a t  90 C the t r a c t i o n  at 3 percznt slip 
shall be Setween 7 to 15 N 
XL-L-23699B 
Yinimum film thickness:  0 .3  urn a t  91, C and 0.1 Lm at 150 C 
Xinimum percent film : 80 percent a t  90 C and 70 petcenc a t  150 C 
Trac t  ion : a t  90 C the t r a c t i o n  a t  3 percent slip 
shall be between 7 and 15 X 
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SPECIPICATION NETHOD 
Erperhnta l  Procedures 
Basic Apparatus 
The s p e c i f i c a t i o n  experislezits s h a l l  be conducted on the  twin d i s k  
apparatus  shown p i c t o r i a l l y  i n  Figure 33. 
each of which are dr iven  by variable frequency induct ion motors. 
the d r i v e  motors are i n t e g r a l  with t h e  disk drive s h a f t s  and are mounted i n  
duplex ABEC-7 45 em bearings. 
a variable frequency supply unit. 
Tariable s l i p - r a t i o s  between the  d i s k s  can be achieved. 
The apparatus  c o n s i s t s  of two d i sks ,  
The shaft of 
The electrical power t o  t he  motors is suppi ied by 
Disk speeds up t o  20,000 rpm and cont inuously 
The d i s k  in all e x p e r m n t s  s h a l l  be  36 ma i n  diameter. 
shall conta in  a 140 mm crown and the  o the r  shall be c y l i n d r i c a l  or both s h a l l  
have a 280 us crown so that an e l l i p t i c a l l y  shaped contact reg ion  is formed 
between t he  d isks .  
into t h e  d r ive  s h a f t s .  
its stub-shaft  by means of an alraaiaa sleeve between t h e  d i s k  and shaft. 
One d i s k  
These d i s k s  are mun ted  on tapered s tub-shafts  which f i t  
The upper d i s k  su r face  is e l e c t r i c a l l y  isolated from 
Loading is achieved by a deadweight system with a mechanical advantage 
i n  the e x p e r b e n t s ,  a pneumt ic  cy l inde r  supports  t h e  load of 12 (Figure 33) .  
of t h e  disks. 
d i s k  when experiments are :erminated. 
means of a hea t  pipe on the  d i sks  and by preheat ing the  l u b r i c a n t s  being 
evaluated. 
s tandard thermocouples. For the d i s k  temperature, t he  t:.erreocouple is spot- 
welding t o  the  upper d i s k  and s l i p  r ings  are used t o  t ransmit  the  signal from 
t he  r o t a t i n g  s h a f t .  
des i red  value.  
This pneumatic arrangement a l s o  a l low quick unloading of the  
Elevated teapera ture  is achieved by 
Both o i l  i n l e t  aird bulk d i s k  temperature s h a l l  be rnonftored by 
The d i s k  temperature s h a l l  be wi th in  3 degr-es  of the  
As shown i n  Figure 34, the upper d i s k  support  u n i t  is on a hinge 
such t h a t  any t angen t i a l  force o r i g i n a t i c g  a t  the  disk contac t  region tends 
t o  swing t h e  u n i t  i n  the force d i r ec t ion .  A load cell is used t o  cons t r a in  
t h i s  motio3 and t o  monitor t he  magnitude of the  force.  
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Drive 
Ho tor 
FIGURE 3 4 .  SCHEMATIC DRAWING OF DISK MACHINE ILLUSTRATING TRACTION MEASURCYENT 
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Instrumentation 
Film Thickness Measurements. The disk machine is equipped with 
Instrumentation to monitor several aspects of the disk contact zone phenomena. 
An X-ray technique is used to measure lubricant film thickness (see Figure 33). 
This technique consists of passing a collimated X-ray beam through the disk 
contact region and of monitoring the X-ray rate. 
m r e  transparent to the X-rays than the steel disks, this X-ray transmission can 
be related to the film-gap between the disks. 
is achieved by spreading the disks apart by 2-112 to 5 um and measuring the 
X-ray transmission for these known separations. 
Since the lubricants are much 
Calibration of the X-ray beam 
In addition to film thickness measurements with the X-ray technique, 
percent film measurements are made with an electrical continuity technique. 
this technique, 100 mv a-c is applied across the lubricant film from the electrically 
Isolated upper disks to the lower and the breakdown of the voltage measured. 
€or 
Traction-Slip Instrumentation. Slip is induced between the disks by 
This slip is varying the electrical frequency to the upper disk drive mcor. 
monitored by measuring the speed of each disk independently using a pulsed source 
on each shaft. 
meter which yields an electrical output proportional to percent slip. 
The output from the pick-ups are both fed into an electronic ratio 
Traction is detected by a commercial load-cell which senses the 
force required to constrain the upper disk support unit. The output from load 
cell transducer is fed into the y-axis of an x-y recorder, and the output from 
the speed ratio meter is fed into che x-axis. 
In the traction experiments, the slip is varied continuously over a 
range from -5 percent to +5 percent. Using the x-y recorder, this variation in 
slip produces a continuous traction-slip Curve for the particular lubricant 
being evaluated. 
SLMMARY OF RESULTS 
The objective of the project has been to conduct a series of experiments 
to aid in defining a lubricant-performance input to a military specification. 
first task of the project was directed toward defining lubricant-performance 
criteria while the later tasks were directed toward definite performance 
experiments. 
The 
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A compilation of film thickness d a t a  was developed using the  X-ray 
technique f o r  three lubricants:  
(raX 1091, a mineral o i l  with a d d i t i v e  (XRH 1771, and a t r a c t i o n  f l u i d .  
f i l m  thicknesses have been found to  be  a p red ic t ab le  func t ion  of v iacoe i ty ,  
ve loc i ty ,  load, and su r face  roughness [see Equation (2) On Page 351- 
a synchetic mineral o i l  without a d d i t i v e  
The 
The percent f i l m  measurements i n d i c a t e  that typ ica l  bearings o r  
gears w i l l  tend to opera te  e i t h e r  i n  a f u l l  f i l m  mode or a hi@ Platall ic contac t  m 
of lub r i ca t ioc .  
over a small range of film thickness. 
the su r faces  are very smooth, and the v i s c o s i t y  of t he  lub r i can t  is wary high. 
I f ,  on the  o ther  hand, t h e  viscosity is low o r  the su r faces  are rough, a high 
percentage of metallic contact wi l l 'occur .  I f ,  f o r  example, t h e  ratio of film 
thickeess tr, su r face  roughness is less than 3-6, s i g n i f i c a n t  evidence of metallic 
contac t  w i l l  occur. Equation (SI i n  t h e  text would p red ic t  a SO percent f i l m  f o r  
t h i s  conditjon. 
The d iv id ing  l i n e  between these two modes of l u b r i c a t i o n  occurs 
Full film l u b r i c a t i o n  occurs only when 
As a result of the BtlD evduat icm,  the  following obeermations were 
made: 
(1) The f i lm  thickness measured by t h e  X-ray system increased 
with speed and v i s c o s i t y  and decreased with load [See Equation 
(1) I 
(2) An increase in sur face  roughness decreased the f i l m  thickness 
and the  percentage of film. 
The l a y  of t h e  sur facc  f f n i s h  had an e f f e c t  on f i l m  thickness 
and percent film. 
t h i ckes t  f i l m  but r e su l t ed  in lower percent f i l m  indica t ions  
presumably because of the number of a s p e r i t i e s  i n  t he  e l l i p t i c a l l y  
shaped contact region. 
The film thicknesses measured with gaM 109F and XRM 177F were 
very similar f o r  the range of conditions s tudied,  although 
the  percent fiJa ind ica t ions  tended t o  be higher wi th  t h e  XR'I 177F. 
In a l l  case experiments, Sa2rotrac 50 produced th inner  f i l m s  and 
lower percentage of film than the  XRJJ 109 o r  XRM 177 due t o  i t s  
later viscos4ty. 
(3) 
The c i rcumferent ia l  l a y  f i n i s h  produced t h e  
(4) 
( 5 )  
( 6 )  The measured t r ac t ions  for &he Santotrac 50 were s i g n t f i c a a t l y  
higher than f o r  the XRM 177F and XRM 109F which were similar. 
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(7) Ten lubricants (six HIL-L-7808 and four MIL-L-23699 fluids) 
were evaluated. 
poor performance in service, there was scatter in the data 
indicating performance variations. 
been written and is enclosed. 
Although none of the fluids evaluated had shown 
A sample specification has 
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APPENDIX A 
INITIAL FILM THICKNESS/PERCENT FILX DATA 
RECORDED FOR XRM-109 F AND XI-177 LUBRICANTS 
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TABLE B-1 YEASURED AND PREDICTED F I - N  T H I a E S S  
FRtX CURVE FIT MODEL 
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APPENDIX C 
SUMHARY OF TRACTION DATA 
FOR VARIOUS LJBRICANTS -
TABLE C-1. TRACTION DATA USING XRW109F 
LUBRICANT (POLISHED DISKS) 
Pea; Traction Test Conditions - 
Load, Speed, Temperature, Hagni tuuc,  Location, 
GPa =Pa C N percent 
1.0 5,000 
1.4 5,000 
1.0 10,000 
1.4 10,030 
1.0 15,000 
1.4 15,000 
1.0 20,000 
1.4 20,000 
65 
65 
65 
65 
65 
65 
65 
54 
1.3 
7.6 
24.9 
0.9 
5.8 
16.5 
0.9 
18.7 
4.5 
17.8 
3.5 
4.0 
6 .O 
,? .Q 
5 -0 
3.5 
1 .o 
4 .O 
3.0 
6 .O 
1.0 5, GOO 
1 . G  5, GOO 
1.0 10,000 
- .4  10,000 
1.0 15,000 
1 .4  15,000 
1.0 20,000 
1.4 20,000 
90 
90 
90 
90 
90 
90 
90 
90 
0.2 
5.3 
16.9 
4.0 
15.1 
1.3 
5.8 
14.2 
14.5 
49.0 
-- 
5.0  
12 .o 
10 .o 
6 .O 
8 .O 
5 -0 
3 .O 
6 .O 
3.5 
4.0 
-- 
1.0 5,000 150 -- >25.0 
1.4  5,000 150 -- >?5 .o 
1.0 10,000 150 
1 . 4  10, OOG 150 12 .9  15 .O 
1.0 15,000 150 -- -- 
1 . 4  15,000 150 9 . 8  10 .o 
1 - c 15,000 150 
1 . 4  13,000 150 -- -- 
-- -- 
-- -- 
15.6 11.0 
-- - 
c-2 
TABLE C-2. TRACTION DATA GENERATED USING XRM-109F AM) MATING 
DISKS VITH 0.15 1.m TRANSVERSE LAY SURFACE FIXISHES 
Test Conditions Peak Traction 
Lcad, Speed, Temperature, Nagni tude Location, 
GPa =Pm C N percent 
1.0 
1.4 
1.0 
1.4 
1.0 
1.1 
1.0 
1.4 
5,000 
5, COO 
10,000 
10,000 
15 000 
15 000 
20,000 
20,000 
65 
65 
65 
65 
65 
65 
65 
65 
6.7 
26.7 
5.8 
23.6 
8 .O 
24.0 
(a> 
(b 1 
7.5 
6.5 
5 .O 
4.5 
8.5 
5.5 
!a) 
( i d  1 
1.0 
1.4 
1.0 
1.4 
1.4 
1.0 
1.4 
1.0 
1.4 
1.5 
5,000 
5,000 
10, (100 
10,000 
10,000 
15,000 
15, OQO 
20,000 
20 , 000 
20,000 
90 
90 
90 
90 
90 
90 
90 
90 
30 
90 
90 
-- 
(c 1 
5.1 
17.4 
21.4 
3.8 
22.3 
16 .O 
(d 1 
(a> 
3 0 . 3  
>25 .O 
( C  1 
7.0  
6.; 
8.C 
6.0 
6.5 
8.0 
(a) 
(a> 
5.0 
1.0 10,003 150 -- >25  .O 
1.4 10,000 150 15.8 15.0 
1.0 15,000 150 2.4 a .o 
1 . 4  15,000 150 1 2 . 9  11 .o 
1.5 20,000 150 21.8 12.0 
( a >  V i b r a t i o n  w a s  too  g r e a t  t o  o b t a i n  a r e a d i n g .  
(b )  Temperature  c o u l d  n o t  be m a i n t a i n e d  a t  65 C .  
( c >  S u r f a c e  damage c o i l d i t i o n .  
- -- 
c- 3 
TABLE C-3.  TRACTION CHARACTERISTICS OF XRM-109F FLUID FOR 
0.15 pm C W  C L R C W E S E N T I A L  SURFACE FINISH 
Test Conditions Peak Traction 
Laad, Speed, Temperature, Magnitude, Locat i on ,  
GPa rPm C N percent 
1 . 0  
1 . 4  
1.0 
i. 5 
1.0 
1.5 
1.0 
1.5 
5,000 
5,000 
10,000 
10,000 
15,000 
15,000 
20,000 
20,000 
65 
65 
65 
65 
6 5  
6 5  
65 
65 
9 . 8  
30.5 
7.3 
2 5 . 4  
8.5 
24 .3  
7 . 1  
17.3 
8.0 
9.0 
8.0 
6 .O 
8.0 
7.5 
6.5 
3.0 
1 . 0  5 ,000  
1.5 5,000 
1.0 10,000 
1.5 10,000 
1.0 15,000 
1.5 15,000 
1.0 20,000 
1.5 20,000 
90 
90 
99 
90 
90 
90 
90 
90 
6 . 9  
(a) 
7.1 
21 .3  
5 . 2  
22 .5  
(b) 
2 0 . 2  
11.0 
(a) 
10.0 
10.0 
7 .O 
(b) 
3 .O 
8.5 
1.0 5 ,  coo 150 ( C )  ( C )  
1 . 5  5,000 150 'C)  ( C )  
1.0 10,000 150 -- >25.0 
1.5 10,000 15G ( d) (d)  
1.0 15,000 150 7 .e 9 .o 
1.5 15,000 150 9 .," 10 .o 
1.0 20,000 150 
1.5 20 * 000 150 18 .7  1G.C - 
(a) Surfhce damage would e x i s t  a t  t h i s  conditior,. 
( b )  V i b r a t i o n  p r o b l e m s .  
( c )  T e s t  ..ot run b e c a u s e  of  p o s s i b l e  damage. 
f d )  Too nuct: c o n t a c t  a t  l a s t  c o n d i t i o n .  
c-4 
TABLE C-4. TRACTION DATA GENERATE3 USINC XiL'.I-lOgF AND XATTVC 
DISKS W I T Y  0.30 um TRXVSVERSE LAY SURFACE FINISHE: 
T e s t  C o n d i t i o n s  Peak T r a c t i o n  
Load, Speed ,  Tempera t u  r e,  Yagni tude ,  Loca t  i o n ,  
GPa =Pm C N per c e n t  
1.0 5.000 6 5  9.8 i0.0 
1.4 10,000 6 5  'IO . 3  4 .O 
1.0 15,000 5 5  4.9 5.0 
1.4 15,000 6 5  20.9 5.0 
1.4 2 c ,  000 ( a )  ( a i  ( a )  
1.0 10,000 6 5  7 . 4  7.5 
1.0 lC, 000 90 6.3 6.0 
1.4 10,009 90 22.0 5.0 
1.0 15,062 90 5 .G 6 .O 
1.4 15,000 90 20.5 5.3 
1.4 20,000 (6)  (b) (b 1 
1.0 10,000 150 7 .O 10 .o 
1.4 10,000 L'? 23.1 10.3 
1.0 15,000 1 .> 7.1 13.0 
1 .Ir E, 000 L i0  25.8 10.0 
..a) Tempera ture  c o u l d  n o t  b e  m a i o t z i n e d  a t  b5 C .  
: b )  Tempera turs  c o u l d  n o t  b e  rna in te ined  q t  90 C.  
c- 5 
TL3LE 2 -5 .  TRACTION 3AT.4 FOR XRM-1'7F 
USING POLISHED MATIYG DISKS 
-. --  
2 e a k  'Tract :cn T e s t  Conditions --- 
Load , Speed,  T e m p e r a t u r e  , ziagni : d e ,  Location, 
GPa r Pm C N p e r c e n t  
- -_- 
1.0 15,000 6 5  8 .O 5.0 
1.: '.5,70C : 5  2 2 . 5  3.5 
1.0 10 , 000 65  9 .O 8.0 
1.; ~ Q , O O O  65 27 .0  4.c 
1. ^i 5,000 6 5  11.0 9 .O 
1. r 5,300 65 +- 7 : 5.3 
i.0 15,030 9 b  -- .25 .O 
;.i 15,500 90 21.5 5.0 
1 ,, 2 10, ooc 90 7 . ? 6 . 5  
1 4 IO, 300 9 0  2 5 . 0  8.0 
1.0 3,000 90 ? . b  11.0 
1 . 4  5 ,  clod 90 3c .o 14.0 
' .o L5 , dL3 150 4.5  2 2 . c  
1 . G  15 , 000 150 17 .O 20 .c 
1.0 10 , OOG 15 0 4.0  8.0 
1. i  10,000 150 1 5 . 5  13.0 
1 . 3  5,300 150 3 . 5  13.0 
; . 4  5,000 150 16.5 19.0 
- - 
C-6 
TABL C-6. SUlQfMY OF TBACTXON DATA FOR XBn-177P USING 
EOtCElENEo XATXNC DISKS WITH 0.15 pa CLA 
TBANSViiSE U P  FINISH 
tea t Condi t ioas Peak Tr8cticm 
h a d ,  Sped, Temperature, Xagnltude, Location, 
C N percent GPa =Pa 
1.0 15, OOO 
1.4 15,000 
1.4 10,000 
1.0 5,000 
1.0 A 0  ,000 
65 
65 
65 
65 
65 
10.5 10.3 
28-0 10.0 
9 .o 6.0 
29.2 5 .0  
12 .o 8 . 0  
1.0 15,000 90 10.9 10.0 
1.0 10, OOO 9 0  9.7 11.0 
1.4 10,000 90 30 .O 11.0 
1.0 5,000 30 11.5 >25 .O 
1.4 15,000 90 30 .O >25 .O 
1.0 15,mo 150 
1.0 10,000 150 
7.2 >25 .O 
8.2 >25 .O 
c- 7 
TABSE C-7. SUPMABP OF TRACTION DATA FOR xRn-177F USING 
ROUGHENED HATINC DISKS UITH 0.15 p n  CU 
CIRCUMFERENTIAL ZAP FINISH 
T e s t  Condl tioas Peak Tract ion 
Load, Speed, Temperature, Hagal tude, Loca t Ion,  
GPa v m  C N percent 
1.0 15,300 65 10.0 3.0 
1.4 15,000 6; 31.0 4 .O 
1.0 10,000 65 11.0 8.0 
1.4 10,000 65 3 4 . 5  5.0 
1 .o 5.000 65 13 .O 10.0 
1.4 5,000 65 37 .O 5 .O 
1.0 15,000 9r 9 .o 20.0 
1.6 15, oca 9: 28.0 17 .O 
1.0 10,000 93 10 .o 15.0 
1.4 10,000 9' 1 32 .O If .o 
1.0 5.000 $0 11.0 13 .C 
1.0 15,000 r5rj 12.0 >25 .o 
1.4 15,000 150 35 -0 >25 .O 
1.0 10,000 150 10.5 19 .O 
1.6 i3, OQO i 50 41.0 >25.0 
1.0 5 * 000 150  26.0 >25.0 - - 
C-8 
TABLE C-8. SRWURY CF TRACTION DATA FOR m-177F USIK; 
ROIICHENED ?!A'TLYC DISKS WZTE 0.30 m C U  
T R m S V r n E  U P  FINISH 
T e a t  Coudltloru Peak Tract i o n  
Load, Speed, Iaperiturc, Mgai cuda, tioa, 
CP'. tpl C B percent 
1.0 If, 000 65 7.5 15 .o 
1.0 10 , 000 65 7.5 25.0 
1 . b  15, OOO 65 29 .O 6 .d 
1.0 15, am 7 .O 12 .o 
C-9. SIRI?uBY OF TRACTION DATA FOE SANTQTRE 
50 USING POLISHED - T I E  SPECMENE 
Peak Traction - 
Load, S p e d ,  Tempera tur t ,  Xagai tude, Loc a c ion, 
GPa rem c N percent 
Test Conditions -
1.0  15.000 65  50 .O 1 . 3  
1 .0  10,000 6 5  4 6 . 0  2 . 5  
1.0 5,000 65 50 .O 2 . 5  
1 4  15,000 65  120.0 1 .o 
1 . 4  10,000 6 5  118.0 1 . 5  
1 . 4  5 f 000 65 89 .O J .O 
1.0 15 , 000 90 G2.0 
1.0 10 , 000 90 37 .O 
1.0 5,000 90 41 .O 
1.4 15,300 90 103 .O 
1.4 10, occ 90 101.0 
1.7 
3 . 7  
5 .O 
2.0 
2 . 0  
1.0 15,000 150 
1.0 10 , 000 150 
2 3 . 3  
23  .O 
2.0 
6 .O 
c-9 
TABLE C-10. S W Y  OF TRACTION DATA FOR SANTOTBAC 
50 USING ROCICBENZD MTIX DISltS 
Test Conditions Peak Tr8ction 
Lord, Speed, Tempera tute ,  Hagn 1 tu de, Loca t i o a ,  
CPa rp= C N percent - 
Circumferential Lay Finish ( O . l . 5  bm c l a )  
1.0 15,000 65 50.0 1 .5  
i . 0  10.900 65 4 7 . 0  . 2  
1.0  5, OQb 65 sa .o 3 . 5  
1 .4  15,000 65 120 .o 2.0 
1.4 10,000 65 120.0 2.2 
1.4 5,000 65 i08.0 4.2  
Transverse Lay Finish (0.15 p cla) 
1.0 15,000 65 48.0 1.5 
Transverse Lay Finish ( 0 . 3  p c l a )  
1.0 15,000 65 4 3  .o 1 . 5  
8 
TASLE D-1. DISK UACEIINE DATA FOB OXL NO. 1 
Lubricant - MXL-L-798G 
Qual - 15D-1 DSA- 600-76-€-X16 
Speed. Load, Temperature, Surface,  F i l r ,  Percent  Tract ic -  
Graph k, rpm CPa C pm cla m Film N 
I 15 1.4  9 0  .025 .35 93 15 
10 1 . 4  90 .Q25 .33 96 10 
5 1 . 4  9 0  .025 .14 87 6 . 5  
I1 10 1.0 90  .025 .49 98 3 
10 1 . 2  90  .025 .?3 98 5 
10 1 . 4  90 .025 .33 J6 10 
I11 10 1 . 4  65 .025 .37 98 17.5 
10 1 . 4  90 -025 .33 96 10 
10 1 . 4  150 .025 .14 7 5  4 
I V  10 1 . 4  90 .025 .33 96 10 
10 1 . 4  90 .13 Long 0 15 46 
10 1 . 4  90 .13 Trans - 1 2  20 22.5 
10 1.4 90 . 3  Trans .18 20 38 - 
D-2 
TABLE P 2 .  DISK HACHINE DATA FOR OIL NO. 2 
Lubricant - MIL-L-236998 (2) 
DSA- 600-754-1963 
+al- 09c-1 
Speed, Load, Temperature, Sutface, Fi lm,  Percent Traction 
Graph k, rpm GPa C pm cla w F i l m  N 
I 15 1.4 90 .025 .39 90 16 
10 1.4 90 .025 .37 85 13 
3 1.4 90 .025 .37 70 11 
I1 10 1.0 30 .025 .47 95 3 
10 1.2 90 .025 .4? 95 7.5 
10 1.4 90 .a25 .37 85 13 
I11 10 1.4 65 .025 .59 90 18.5 
10 1.4 90 .025 .37 85 13 
10 1.4 150 .025 .14 70 4 
IV 10 1.4 90 .025 .37 85 13 
10 1.4 90 .13 Long .04 5 40 
10 1.4 90 .13 Trans .12 5 21 
10 1.4 90 .3 T r a n s  .16 40 32 
D-3 
TABLE 1)-3. DISK MACHINE DATA FOR OIL NO. 3 
h b r i c a n t  - MIL-L-23699B(2) 
DSA - 600-76-C-1231 
Qsal -- 07A 
Speed, Load, Temperature, Surface, Film, Percent Tract?.on 
Graph k, rpm GPa c p o  cla  P Fi Im N 
I 15 
10 
5 
I1 10 
10 
10 
10 
10 
111 
1.4 
1.4 
1 .4  
1.0 
1.2 
1.4 
1.4 
1 . 4  
90 
90 
90 
9C 
90 
90 
65 
90 
.025 
.025 
.025 
.025 
.025 
.025 
.025 
.025 
.43 
.39 
.27 
.63 
. 5 /  
.39 
.76 
.39 
95 
97 
96 
97 
97 
97 
98 
37 
1 7  
13.5 
10 
2 . 5  
5 
13.5 
18 
13.5 
IV 
10 1 . 4  150 .025 .?E 95 7 
10 1.4 90 .025 .39 97 13.5 
10 1 . 4  52 .i3 Long .25 25 36.5 
10 1 .4  90 .13 Trdns . i a  12 18.5 
10 1 . 4  90 .3 Trans .18 30 31 - --  
D-4 
TABLE D-4. DISK HACHINE DATA FOR OIL NO. 4 
Lubri-ant - MIL-L-23699B AM2 
Qual- 0-5A-2 
DSA-  600-76-C-1527 
Speed, Load, Temperature, Surfar , Fi lm,  Percent Traction 
Graph k, rpm G?a c pm cla !-D Fi Im N 
I 15 
10 
5 
I1 10 
10 
10 
I11 10 
10 
10 
IV 10 
10 
10 
1G 
1.4 
1.3 
1.4 
1.0 
1.2 
1.4 
1.A 
1.4 
1.4 
1.4 
1.4 
1.4 
1.4 
90 
90 
90 
90 
90 
90 
65 
90 
150 
90 
90 
99 
90 
.025 
.025 
.025 
.025 
.025 
.025 
.025 
.025 
.025 
.025 
.13 Long 
.13 Trails 
. 3  Trans 
.61 
.38 
.31 
.51 
.47 
. 38  
.s1 
.3a 
. 2 2  
.38 
.12 
.10 
. oa 
100 
98 
94  
100 
98 
96 
98 
98 
75 
98 
10 
5 
5 
14.5 
12.4 
10.0 
4 .0  
6 .O 
12.4 
21 .o 
12.4 
5 .O 
1 2 . 4  
39 .o 
21.5 
33.5 
D-5 
TABLE D-5.  DISK MACHINE DATA FOR OIL NO. 5 
Lubricant - HLL-L-23699B(2) 
Qual - 05A-1 
DSA - 600-76-C-13 75 
~ ~~~ ~~- ~~ ~ _ _  -~ 
Speed, Load, Temperature, Surface,  Fi lm,  Percent Traction 
Graph k, rpm GPa C pm c l a  PJ F i l m  N 
I 15 1 . 4  90  .025 .33 82 1 7 . 5  
10 1 . 4  90 .025 .32 37 1 4 . 5  
5 1 . 4  90  .025 .22 97 9 . 5  
I1 10 1 .0  90 .025 . 41  98 3 .5  
30 1 .2  90 .025 .37 98 6 . 5  
10 1 . 4  90  ,025 .32 97 14 .5  
111 1G 1 . 4  65 125 . 51  80 23.5 
10 1 . 4  90 ,025 .32 97 14 .5  
10 1 . 4  150 ,025 .16 85 4.5 
IV 10 1 . 4  90 .025 . 3 2  9 7  14 .5  
10 1 . 4  90 .13 Long .18 5 53 
10 1 .4  90 . 1 3  Trans .25 10 21 .5  
10 1 . 4  90 . 3  Trans .20 10 31 
D-5 
TABLE D-6. DISK MAGHIKE DATA FOR O I L  W .  6 
Lubricant - FIL-L-78?8 
DEA - 500-77*,C-0534 
Speed, Load, Temperature, Surface, Film, Percent Traction 
Graph k, rpm GPa C p l  clir w Film N 
I 15 1 . 4  90 .025 .32 94 14 
10 1 . 4  90 .025 .28 67 9.1 
5 1.4 90 -025 . 22  1 7  7 
III 
IY 
10 1.0 90 .025 .37 92 3 . 3  
10 1 . 2  90 .025 .34 88 5 . 5  
10 1 . 4  90  .025 .28 67 9.1 
10 1 . 4  65 ,025 . 3 9  60 17 
10 1 . 4  90  .025 .28 6 7  9.1 
10 1 . 4  150 .C25 13 65 4 . 5  
10 1 . 4  90 .025 .28 67 9 . 1  
10 1.4 90 .13 Long .O? 15 49 
10 1 . 4  90 .13 Trans .09 19 2 1 . 5  
10 1.4 90 . 3  Trans .10 15 3 3 . 5  
- 
D-7 
TABLE 3-7. DISK MACHINF DATA FOR OIL NO. 7 
Lubricant - MIL-L-7808 
DSA - ATL. *7072  
- 
Speed, Load, Temper::ure, Surface,  F i l m ,  Percent Trac t ion  
Graph k,  rpm GPa C ym c1.a -m FI Im N 9 ,  
~~~ 
I 15 1.4 90 .025 .35 85 13 .8  
10 1.4 90 .025 .25 78 10*5 
5 1.4 90 .025 .16 47 9 .o 
I1 10 1.0 90 .025 .40 9 4 2.3 
10 1 . 2  90 .025 . 3 1  92 5 .3  
10 1.4 90 .025 . 25  78 10 .5  
I11 10 1.4 65 .025 .29 60 1 8 . 5  
10 1.4 90 .025 .25 7 8  10.5 
10 1 . 4  153 .02s .13 5 7  2.8 
IV 10 1.4 90 .025 .25 78 10.5 
10 I. rc 90 .13 Long .09 LO 6 2 . 5  
10 1.4 90 .13 Trans .18 2 5  2 2 . 7  
10 1 . 4  90 .3 T r a n s  .08 2 7  39.8 
- 
D- 8 
TABLE IJ-8. DISK MACXNE DATA FOR O I L  NO.  8 
Lubricant - MIL-L-7808 
DSA - ATL-7073 
- 
Speed,  Load, Temperature, Surface,  Fi lm,  Percent Tract ion 
Graph k, rpm CTa C 'jm cla Film N 
I 15 1.4 90 .025 .36 98 13.5 
10 1.4 90 .0?5 .31 93 9 . 3  
5 1.4 90 .025 .21 50 8 . 0  
II 10 1.0 90 .025 .33  97 3.5 
10 1.2 90 .025 .33 94 4 . 5  
10 1. * 93 ,025 .31 93 9.3 
111 10 1.4 6 5  .025 .41 88 17.5 
10 1 . 4  90 .025 . 3 1  93 9 . 3  
10 1.4 i5C ,025 .13  80 4 . 3  
IV 10 1 . 4  90 ,025 . 3 1  93  9 . 3  
10 1.4 90 .13 Long . I 4  23 5 5 . 3  
10 1 . 4  90 .13 Trans .OY 1 7  2 3 . 3  
3 3 . 0  25 . 3  Trans .15 10 1 . 4  90 - - 
0-9 
TABLE 11-9. DISK XACHfSE DATA FOR OIL KG. 9 
Lubricant - HIL-L-78@8 
DSA - ATL-707j 
- -- Speed, Laad, Temperature, Surface,  r i l m ,  Yercent Tract ion 
Graph k, rpm G3a C 'jm c l a  m Film N 
I &> 1.4 sc .025 .32 99 10.8 
10 1.4 90 -025 .28 gb 3 . ;  
'1- 
5 1.4 90 .G25 -18 75 7.8 
IT: 16 1.0 90 .c25 -39 98 2.5 
10 1.2 90 .025 .31 9a 4 . '. 
10 1 . 4  SO .ox -20  96 9.7 
:I1 10 1.4 6 5  . P -- _I . $ 4  93 18 
10 : . 5  90 -025 .28 96 9.7 
10 1 . 4  150 .025 .22 68 5.c 
L ' J  19 1.4 90 .025 .28 96 9.7 
10 1.6 90 .13 Long .10 4 3  63  
10 1 .4  90 .13 Trans .05 30 24.3 
10 1 . 6  90 . 3  Trans .10 4 3  3 b . 5  
-- L 
D- 10 
TABLE D-10. DISK NACHIY’7 DATA FOR OIL NO. 10 
LubtiC8nt - MIL-L-7808 
DSA - ATL-7075 
~~ 
Speed, Load, Temperature, Surface, F i l m ,  Percent Tractiot 
Graph k, rpm S? a c p cla rn F i l m  N 
I 15 1.4 90 .025 - 36 96 16 
10 1.4 90 .025 .29 95 13.5 
5 1 . 6  90 .025 -18 40 12 
10 1.0 93 .025 .39 96 3 
10 1.2 90 .O25 .35 85 6 .5  
10 1.G 90 .03 .29 95 13.5 
I1 
1x1 10 1.4 65 .025 .40 80 23 
10 1.4 90 .025 .29  9 5  13.5 
10 1.4 150 .025 .40 95 13.5 
10 1.4 90 .025 -16 68 6 . 2  
10 1 . 4  90 .13 Long . 10 23 58 
10 1 .4  90 .13  Trans -09 23 29 
10 1.4 90 . 3  Trans .ll 25 4 2  
